We present a two-dimensional (2D) magnetohydrodynamic (MHD) model of magnetoacoustic-gravity waves in the gravitationally stratified solar corona that is shaped by a realistic (VAL-C, Vernazza Avrett Loeser model C) temperature profile and curved magnetic field lines. These waves are triggered by an initial Gaussian pulse in the horizontal component of velocity, that is, launched either just below or above the transition region. The time-dependent ideal MHD equations are solved numerically with the use of the FLASH code. The numerical results reveal conversion of a horizontal flow into its vertical counterpart, oscillations of the transition region and vertical jets of cold plasma penetrating the solar corona. The wavelet analysis of the mass-density variations at a fixed detection point leads to the oscillation period of about 180 s, which corresponds to 3-min oscillations observed in solar active regions.
I N T RO D U C T I O N
Waves and oscillations are observed in the solar corona by modern imaging and spectral instruments in the visible light, EUV, X-ray and radio bands. Some of these waves and oscillations can be interpreted in terms of the magnetohydrodynamic (MHD) plasma theory. MHD waves are recognized as an efficient tool in diagnostics of the solar corona and solar flares, see e.g. Roberts (2000) , Nakariakov (2003) and Macnamara & Roberts (2010 . The magnetically dominated solar plasma can support the propagation of various types of MHD waves. These waves were investigated and analysed in many theoretical and numerical studies. Among considered cases, we can distinguish propagating slow magnetoacoustic (e.g. De Moortel, Ireland & Walsh 2000) , standing slow magnetoacoustic (e.g. Ofman & Wang 2002; Nakariakov et al. 2004; Selwa, Murawski & Solanki 2005; Zaqarashvili, Oliver & Ballester 2005; Jelínek & Karlický 2009 , and standing and propagating fast magnetoacoustic waves of the kink symmetry (e.g. Aschwanden et al. 1999; Nakariakov et al. 1999; Wang & Solanki 2004; Andries et al. 2005; Pascoe, Wright & De Moortel 2010) and of the sausage symmetry (e.g. Pascoe, Nakariakov & Arber 2007; Pascoe et al. 2009; Karlický, Jelínek & Mészárosová 2011; Jelínek, Karlický & Murawski 2012; Karlický, Mészárosová & Jelínek 2013) . These modes were detected by highly sensitive instruments such as SUMER/SOHO, TRACE or EIS/Hinode and EUVI/STEREO (where SUMER is Solar Ultraviolet Measurement of Emitted Radiation, EIS is EUV Imaging Spectrometer, EUVI E-mail: pjelinek@prf.jcu.cz is Extreme UltraViolet Imager). For a comprehensive review of MHD waves see Nakariakov & Verwichte (2005) and De Moortel & Nakariakov (2012) .
Magnetoacoustic-gravity waves were already discussed in the literature. Among others, the impulsive excitation of chromospheric and coronal periodic waves was studied. Some authors demonstrated the formation of a quasi-periodic wave train of a 3-min period in response to an impulsive excitation. For example, Suematsu et al. (1982) devised the 1D hydrodynamic spicule model in which the shock wave was generated. Later on, Shibata (1983) , Sterling & Hollweg (1988) and Botha et al. (2011) adopted 2D MHD with a uniform vertical magnetic field to explore the waves generated by a pulse in vertical velocity. We generalize the models described in the above mentioned papers by studying the magnetoacoustic waves generated by a localized symmetric Gaussian pulse in the horizontal component of velocity in the simple magnetic curved structure. Daniłko, Murawski & Erdélyi (2012) and Murawski et al. (2013) studied impulsively generated magnetoacoustic waves in the solar atmosphere permeated by three different configurations of straight magnetic field lines. Depending on the background magnetic field orientation they found the wave periods within the range 150-300 s. Konkol, Murawski & Zaqarashvili (2012) extended this model to the case of curved magnetic field lines, but they considered the slow magnetoacoustic-gravity waves excited by vertical velocity pulse launched from various altitudes of the solar atmosphere. As a result there is a need to generalize these studies for the case of fast magnetoacoustic-gravity waves.
The main aim of this paper is to extend the above mentioned models on a more realistic 2D model of a magnetic cavity for fast magnetoacoustic waves and to compare obtained numerical results with former findings. In spite of simplicity of the studied structure, it has real application in the solar atmosphere. We can find such or similar structures above active regions and supergranule cells in a quiet region of the solar chromosphere and corona (Priest 1982) . These structures, similarly to the structures with straight magnetic field lines, are believed to be ideal waveguides of various types of MHD waves. Moreover, the MHD waves observed in active regions or sunspots are believed to play a significant role in the energy balance of the solar atmosphere and are supposed to contribute to heating of the chromosphere and corona (Khomenko, Collados & Bellot Rubio 2003; Felipe, Khomenko & Collados 2010) .
The structure of this paper is as follows. In Section 2, we describe the physical model with governing equations, equilibrium and initial perturbation. In Sections 3 and 4, we develop the numerical model and present the numerical results, respectively. We complete this paper by discussion and conclusions.
P H Y S I C A L M O D E L

Governing equations
In our numerical model, we consider the gravitationally stratified solar atmosphere in which the plasma dynamics is described by the two-dimensional (2D), time-dependent, ideal MHD equations (Priest 1982; Chung 2002) :
Here, D/Dt ≡ ∂/∂t + v · ∇ is the material (or convective) time derivative, is mass density, v is flow velocity, B is the magnetic field, g = [0, −g , 0] is the gravitational acceleration with g = 274 m s −2 and the adiabatic coefficient γ = 5/3. The current density, j , in equation (2) is expressed as
with μ 0 = 1.26 × 10 −6 H m −1 being the magnetic permeability of free space. The specific internal energy, U, in equation (4) is given by
Initial equilibrium
For a still (v = 0) equilibrium, the Lorentz and gravity forces have to be balanced by the pressure gradient in the entire physical domain, Assuming a force-free (Beltrami) magnetic field, j × B = 0, the solution of the remaining hydrostatic equation yields
Here,
is the pressure scaleheight which in the case of isothermal atmosphere represents the vertical distance over which the gas pressure falls off by the factor of e, k B = 1.38 × 10 −23 J K −1 is the Boltzmann constant and m = 0.5m p is the mean particle mass (m p = 1.672 × 10 −27 kg is the proton mass), p 0 in equation (9) denotes the gas pressure at the reference level y 0 . In our calculations, we set and hold fixed y 0 = 10 Mm.
For the solar atmosphere, the temperature profile T(y) (see Fig. 1 ), was derived by Vernazza, Avrett & Loeser (1981) . At the top of the photosphere, which corresponds to height y = 0.5 Mm, the temperature is T(y) = 5700 K. At higher altitudes, the temperature falls down to its minimal value T(y) = 4350 K at y ≈ 0.95 Mm. Higher up the temperature rises quite slowly to the height about y = 2.7 Mm, where the transition region (TR) is located. Here, the temperature grows up abruptly to the value T(y) = 1.5 MK, at the altitude y = 10 Mm, which is typical for the solar corona.
The solenoidal condition, ∇ · B = 0, is identically satisfied with the implementation of the magnetic flux function, A, such as
For the calculation of a 2D magnetic field, we use A = [0, 0, A] with (Konkol et al. 2012 )
Here, s is a strength of the magnetic moment and coefficients a = 0.0 Mm and b = −2.5 Mm denote its spatial position. We choose s by requiring that at the reference level, y 0 = 10 Mm, the ratio between Alfvén, c A , and sound, c s , speeds is
The initial magnetic field lines are displayed in Fig. 2 , left-hand panel, which clearly exhibits their curved nature. The plasma β is defined as
At x = 0 Mm, y = 10 Mm, the plasma β = 0.012, which is a typical value for the solar corona, e.g. Aschwanden (2004) .
Perturbation
At the start of the numerical simulation (t = 0 s), the static plasma equilibrium, described in Section 2.2, is perturbed by the Gaussian pulse in the x-component of velocity, i.e.
where A v is the amplitude of the initial pulse, y P is the position of the perturbation and λ x = λ y = 0.25 Mm are the widths of the pulse in the horizontal and vertical directions, respectively.
N U M E R I C A L R E S U LT S
The 2D time-dependent ideal MHD equations (1)- (4) are solved numerically with the adaptation of the FLASH code (Fryxell et al. 2000; Lee & Deane 2009; Lee 2013 ). This code was originally developed to model nuclear flashes on the surfaces of neutron stars and white dwarfs, and the interior of white dwarfs; but it has since then been applied to model a wide variety of astrophysical processes. Currently, it is a well-tested, fully modular, parallel, multiphysics, open science simulation code that implements second-and third-order unsplit Godunov solvers and adaptive mesh refinement (AMR), see e.g. Chung (2002) and Murawski (2002) . The Godunov solver combines the corner transport upwind method for multidimensional integration and the constrained transport algorithm for preserving the divergence-free constraint on the magnetic field (Lee & Deane 2009 ). In our case, the AMR strategy is based on controlling the numerical errors in a gradient of mass density that leads to reduction of the numerical diffusion within the entire simulation region.
For the wavelet analysis of wave signal, we used the Morlet wavelet, which consists of a plane wave modulated by a Gaussian, i.e.
where the parameter σ allows trade between time and frequency resolutions. Here, we assumed the value of parameter σ = 6, as recommended by Farge (1992) . The waveperiods are estimated from the global wavelet spectrum as the most dominant period in this spectrum. More details about the wavelet method and its implementation can be found in Farge (1992) and Torrence & Compo (1998) . We consider two cases of initial pulse launched: (i) below the TR, at y = y p(i) = 1.5 Mm and (ii) above the TR, at y = y p(ii) = 2.9 Mm.
For our numerical simulations, we use a 2D Eulerian computation box of (−5, 5) Mm × (0, 10) Mm and (−5, 5) Mm × (2, 12) Mm for the cases (i) and (ii), respectively. The spatial resolution of the numerical grid is determined with the AMR method and we used the AMR grid with the minimum (maximum) level of the refinement blocks set to 2 (6). At the start of the numerical simulation (t = 0 s) the whole simulation region is covered by: (i) 9117 and (ii) 6885 blocks. As each block consists of 8 × 8 cells, the total number of 583 488 and 440 640 cells is used for the case (i) and (ii), respectively. This results in the maximum (minimum) spatial resolution of x max = y max = 0.21 Mm ( x min = y min = 0.01 Mm) above (below) the altitude of y = 7 Mm and in all dynamically refined regions, respectively. The initial block system for the case (ii) is illustrated in Fig. 2 (right) . As a consequence of the real plasma medium extension at all numerical boundaries, we fix all plasma quantities to their equilibrium values. We present the numerical results, obtained for the model described above. Although the numerical simulations were performed for the size of the numerical box mentioned above, we show only the regions where the numerical results are in the range of our interest.
The pulse below the TR
Here, we present the numerical results for the case of the initial pulse launched below the TR. We choose initial velocity pulse amplitude In Figs 3(a)-(d), we display the mass-density profiles for the selected simulation times (5, 15, 30 and 50 s, respectively) and velocity vectors, respectively.
At t = 5 s (top left) the initial velocity pulse resulted in plasma compression (rarefaction) at around x ≈ 0.5 Mm, y = y P (x < 0.1 Mm, y = y p(i) ). Later on, at t = 15 s, as a result of flow conversion this plasma starts to propagate upwards, generating a shock (top right). This upwardly propagating shock strengthens in time while reaching less-dense plasma altitudes (bottom left). Behind this shock, cold plasma is sucked up into the coronal regions, leading to a system of jets, well seen at t = 50 s (bottom right).
In Fig. 4 , we present the vertical slices (along the y-axis for x = 0 Mm) of the mass density in logarithmic scale for three selected simulation times: t = 5, 30 and 50 s. These slices correspond to the results presented in Fig. 3 . Shortly after the start of the numerical simulation (blue line), we see that the profile of mass density is not far from the equilibrium state. After the flow conversion, the plasma propagates upwards and perturbs the initial equilibrium (green line). At later time the plasma shock wave is observed at the altitude about 5 Mm in the solar atmosphere (red line).
The pulse above the TR
In this part of the paper, we show the numerical results for the case (ii) and initial velocity pulse amplitude A v = 0.5 c A (x = 0, y = y p(ii) ) = 0.5 × 10 3 km s −1 . In Figs 5(a)-(d) , we illustrate the mass-density profiles and velocity vectors for selected simulation times (0.5, 2.5, 5.0 and 25.0 s). Shortly after the start of our simulation the initial horizontal velocity pulse triggers the oscillations, transverse to the magnetic field background, in the low-mass-density regions of the solar atmosphere (t = 0.5 s, top left). At time t = 2.5 s, the plasma above the TR moves upwards to the higher altitudes of the solar atmosphere (positive part of the x-axis), whereas the hotter plasma moves downwards to the TR (negative part of the x-axis), where it experiences reflection back towards higher layers of the solar atmosphere (top right). As a result of that the TR starts to oscillate. At a later time, after the reflection from the TR (t = 5.0 s; bottom left) the reflected material moves upwards and pushes up the material located at higher altitudes of the solar atmosphere. At t = 25 s (bottom right), we observe practically only the reflected plasma from the TR and as a consequence the bump of plasma sucked up from the TR.
In Fig. 6 , we show the vertical slices of mass density (along the y-axis for x = 0 Mm) in logarithmic scale for three selected simulation times: t = 0.5, 5.0 and 25.0 s. Note that the mass-density profiles do not change so dramatically as in the (i) case. This is because of the fact that above the TR, where the initial velocity pulse is generated, there is not so huge slope in the mass density as it takes place below the TR. By this reason, this pulse is not able to generate any shock wave which would perturb the initial mass-density equilibrium so markedly as in case (i). The blue line corresponds almost to the initial equilibrium (compare with the upper-left panel of Fig. 3) . The green and red lines vary slowly with x, representing the plasma being sucked up from the TR to the higher altitudes of the solar atmosphere.
Oscillation period of the TR
The important phenomenon observed in both above studied cases is the oscillating TR whose waveperiods we are going to estimate. For easier comparison of the excited waveperiods, we placed the detection point, L D , in both cases at the same position in the solar atmosphere, i.e. at L D (x D = 0.5 Mm, y D = 2.7 Mm). Such location of the detection point ensures that we measure pure oscillations of the TR, which does not directly affect magnetoacoustic-gravity waves, triggered by the initial velocity pulse. At the detection point, the incoming signal in the form of variations of the mass density was recorded and subsequently analysed using the wavelet method.
In Figs 7 and 8, we present, for both studied cases (i) and (ii), the time signatures of mass density collected at the detection point, L D (left), and the corresponding global wavelet spectra (right, full blue line), revealing the dominant waveperiod P (right-hand panel). The green dashed line in both figures represents the 99 per cent significance level (Torrence & Compo 1998) . By comparing these time signatures, we infer that in case (i) the signal is not attenuated as much as it is in case (ii). From this reason, we tried to estimate the attenuation coefficient. This coefficient can be calculated from the equation of amplitude attenuation:
where A i and A i + 1 are two arbitrary successive amplitudes, T d is the attenuated period and b is the attenuation coefficient. To obtain b, we can rewrite equation (18) as follows:
We found that this coefficient has almost the same value for both studied cases, i.e. b ≈ −0.003, which means that the oscillations of the TR are similarly attenuated. For a more accurate estimation of the TR oscillation waveperiod, we run the simulations in case (i) for a longer time, up to t = 1000 s, than in case (ii), for which we execute the code up to t = 500 s. By using the wavelet method, we find the most dominant periods of the TR oscillation for case (i) as P (i) = 199.9 s and P (ii) = 163.1 s for the second studied case (ii). The average value of both periods gives us the period of about 180.5 s ≈ 3 min, which is very similar to the waveperiods observed above the active regions in sunspots, e.g. Comparing Figs 7 and 8, we infer that while in case (i) the mass density converges essentially back to its initial value, it is not so in case (ii), for which some offset is seen. This effect is caused by the fact that the detection point, L D , is placed at the position below the initial pulse. Once the initial velocity pulse is generated, the plasma around is underpressed and as a consequence, from the reason of the huge mass-density difference, the denser plasma from the TR is sucked up to the region of the detection point. Then, we observe just the oscillations of the dense plasma. This effect can be also discernible in case (i), for which slight increase of the mass density up to the time about 100 s from the start of the simulations is seen. Nevertheless, this increase is not so striking as in case (ii) because of relatively small difference in mass densities between the place where the detection, L D , and perturbation, y P , points are located.
S U M M A RY A N D C O N C L U S I O N S
In this paper, we numerically studied propagation of magnetoacoustic-gravity waves in the solar coronal curved magnetic field lines structure. These waves are triggered by the initial Gaussian pulse launched in the horizontal component of velocity either below or above the TR. We also consider a realistic initial (VAL-C) temperature profile in gravitationally stratified solar atmosphere. From our numerical simulations, we reveal the oscillations of the TR for both studied cases -the velocity pulse generated either above or below the TR. We also estimated the oscillation periods which are both very similar to each other and correspond roughly to the 3-min oscillations, observed above the sunspots, e.g. in UV/EUV emission by the SDO/AIA and in the radio emission by the NoRH. We found that the TR oscillations exhibit shorter waveperiod and they are attenuated more strongly in the case of the initial pulse generated above the TR.
The results of our numerical simulations can be summarized as follows. Initial horizontal velocity perturbations launched either below or above the TR are able to trigger vertical flow penetrating higher altitudes of the solar corona. As a consequence of this phenomena, we observe in both cases the oscillations of the TR with the waveperiod close to the 3-min oscillations. The oscillations of TR are attenuated in essentially the same way regardless on the place where the initial velocity pulse was generated.
We should note that our 2D MHD model exhibits shortcomings in the sense that it does not include thermal conduction and radiative transfer along the magnetic field lines. The magnetic field configuration presented in this study is simple, but despite its simplicity, it has real application to active regions of the real solar atmosphere. These shortcomings and simplicity of the presented model require additional studies which we are going to perform in close future.
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